Abstract. The present study evaluated the effect of metformin on the SKOV3 ovarian cancer cell line and investigated the underlying mechanism. The inhibitory rate of SKOV3 cells was analyzed by MTT assay. SKOV3 cell apoptosis rate was quantitatively measured using flow cytometry. The effect of metformin on intracellular autophagosomes was observed using electron microscopy. The migration and invasion capabilities of SKOV3 cells were assessed by cell scratch test and Transwell assay. Results demonstrated that. the proliferation rate of SKOV3 cells was significantly inhibited in a time-and concentration-dependent manner following treatment with different concentrations of metformin for 24, 48 and 72 h. The number of migratory cells significantly decreased with increasing concentrations of metformin. The administration of metformin also promoted autophagy of ovarian cancer The expression level of microtubule associated protein 1 light chain 3-α protein was markedly upregulated. The mRNA expression level of metastasis-associated 1 (MTA1) was significantly downregulated following metformin treatment. In conclusion, metformin intervention suppressed SKOV3 proliferation and induced apoptosis in a concentration-dependent manner. Metformin also inhibited the invasion and migration of SKOV3 cells. It was hypothesized that the underlying mechanism of metformin's effect may involve MTA1 downregulation.
Introduction
Ovarian cancer forms in or on an ovary leading to invasion or spreading of abnormal cells to other parts of the body (1) (2) (3) . Initially, there may be no or only minor symptoms which may become more noticeable as the cancer progresses. Typical symptoms can include bloating, pelvic pain, abdominal swelling and loss of appetite. Common metastasis sites include the lining of the abdomen, lymph nodes, lungs and liver (4) . Diagnosis of ovarian cancer starts with a physical examination consisting of a pelvic examination, a blood test for cancer antigen 125 and alternative markers, and trans-vaginal ultrasound. A recto-vaginal examination is occasionally necessary to help plan a surgery. The diagnosis must be confirmed with surgery to inspect the abdominal cavity, take tissue sample biopsies for further analysis, and to identify any cancer cells in the abdominal fluid. These analyses can identify whether an ovarian mass is benign or malignant. Surgery depends on the extent of nearby tissue invasion. Chemotherapy may be used post-surgery to treat any residual disease (5) Metformin is a first line antidiabetic medication that lowers insulin levels. It displays anticancer effects since insulin has mitogenic and pro-survival effects with tumor cells often expressing high levels of the insulin receptor (6) . Metformin exerts its direct, insulin-independent action through 5' adenosine monophosphate-activated protein kinase (AMPK) activation, which decreases cancer cell mammalian target of rapamycin (mTOR) signaling and protein synthesis (7) The indirect insulin-dependent effects of metformin reduce fasting blood glucose and insulin levels. In addition, metformin is widely commercially available with minimal adverse effects (3, 5, 8) .
In the present investigation, the epithelial ovarian cancer cell line SKOV3 was selected to evaluate the effects of metformin on proliferation, apoptosis, invasion, migration and autophagy. In addition, the influence of metformin on the expression levels of microtubule-associated protein 1 light chain 3-α (MAP1LC3A) and metastasis-associated 1 (MTA1) was also assessed. in high-glucose DMEM (Gibco; Thermo Fisher Scientific, Inc.) containing 10% fetal bovine serum (Clark Bioscience). SKOV3 cells were experimented with in the logarithmic phase. SKOV3 cells were divided into the control group using complete medium, and 2.5, 5 and 10 mmol/l metformin (Sigma Aldrich; Merck KGaA) experimental groups. All experimental procedures were repeated three times.
MTT assay. SKOV3 cells were inoculated into 96-well plates at a density of 1x10 4 cells/well and cultured in culture medium with different concentrations of metformin (0, 2.5, 5 and 10 mmol/l) for 48 h. Samples were then supplemented with 20 µl MTT, cultured for 4 h then 200 µl DMSO was added. The optical density (OD) value was detected at a wavelength of 490 nm. The formula used to calculate inhibitory rate of cell cytotoxicity was as follows: Inhibitory rate of cell cytotoxicity=1-(OD value in the experimental group/OD value in the control group) x 100%.
Flow cytometry. SKOV3 cells were inoculated into six-well plates at a density of 5x10 5 cells/well then cultured in medium with different concentrations of metformin (0, 2.5, 5 and 10 mmol/l) for 48 h. Cells were digested and centrifuged at 200 x g/min for 5 min and resuspended in 500 ml buffer solution. Samples were supplemented with 5 µl Annexin fluorescein isothiocyanate (BD Biosciences) and 5 µl propidium iodide (BD Biosciences) then incubated in dark room at room temperature for 15 min. Apoptotic cells were analyzed using a flow cytometer and CellQuestPro 5.1 software (BD Biosciences).
Electron microscopy. SKOV3 cells were cultured in 100 ml culture plates supplemented with 0 or 10 mmol/l metformin for 72 h. Treated cells were collected and supplemented with 2.5% glutaraldehyde (Sigma-Aldrich; Merck KGaA) at 4˚C overnight. Cells were fixed in 1% osmic acid at 4˚C for 2 h then dehydrated in 50% acetone for 15 min, 70% acetone for 15 min, 80% acetone for 15 min, 90% acetone for 15 min and finally 100% acetone for 15 min. Ethoxyline resin was mixed with 100% acetone at a ratio of 1:1 and cells were embedded in the resin overnight at 37˚C. The following day, samples were sectioned into slices of 50-60 nm thickness, stained with uranium acetate (Amresco, LLC) for 10 min at room temperature in the dark. After washing with H2O, samples were stained with lead citrate (Amresco, LLC) for 10 min at room temperature again. The status of autophagy was observed using transmission electron microscope.
Cell scratch test. SKOV3 cells were inoculated in 6-well plates and cultured in serum-free medium for 12 h. When the cell confluence reached ~90%, a 20 µl pipette tip was used to scratch the monolayer then samples were rinsed with PBS three times to remove non-adhered cells. Images were taken at 0, 24 and 48 h in 5 random fields for each group. The distance of cell migration was calculated by subtracting the scratch width at 0 h from the scratch width at 24 and 48 h, using ImageJ 142-jdk6 (National Institutes of Health).
Transwell chamber assay. Transwell upper chamber membrane (Costar; Corning, Inc.) was treated with Matrigel for 2 h at 37˚C (BD Biosciences). Following cell culture for 72 h, the cell concentration was adjusted to 1x10 4 cells/well then 100 µl cell suspension was added to the upper chamber and 600 µl suspension, without cells containing, 10% fetal bovine serum was added into the lower chamber. Following cell culture for 15 h, the cells were collected, washed in PBS twice and fixed in 4% paraformaldehyde for 10 min. Any residual cells were removed using a cotton swab then cells were stained with 0.1% crystal violet solution for 15 min at room temperature, washed with PBS three times and three visual fields were randomly imaged from each well using light microscopy(x400; Nikon Corporation).
Western blot analysis. Cells were cultured for 72 h then the expression levels of MAP1LC3A (1:1,000; ABclonal Biotech Co., Ltd.) and MTA1 proteins (1:500; Cell Signaling Technology, Inc.) were quantitatively measured. The total protein was extracted using a Bestbio protein extraction kit (AMSbio LLC) and collected. The protein concentration was quantitatively determined by bicinchoninic acid assay. Protein (5 µl) was separated via SDS-PAGE on an 8% gel then transferred to a Nitrocellulose membrane (NC); Biotrace Ltd.) and the membrane was blocked with 5% skim milk for 1 h. Membranes were then incubated with horseradish peroxidase conjugated secondary antibody goat anti-mouse IgG (1:3,000; cat. no. LK2003; Sungene Biotech Co., Ltd.) for 1 h at room temperature. Following the addition of an ECL developer solution, an AI600 imaging system (GE Healthcare) was utilized to visualize the bands. β-actin (1:3,000; cat. no. DKM9001T; Sungene Biotech Co., Ltd.) was used as the internal reference and incubated at 4˚C overnight, and bands were analyzed using Quantity One analysis software (Quantity one v4.6.2.; Bio-Rad Laboratories, Inc.).
Reverse transcription-quantitative PCR (RT-qPCR)
. SKOV3 cells were incubated in six-well plates, cultured for 72 h then the RNA was extracted using TRIzol (Thermo Fisher Scientific, Inc.). RNA concentration and quality were measured. Total RNA was reverse transcribed to cDNA. qPCR was subsequently performed using a SYBR Premix Ex kit (Takara Bio, Inc.). The thermocycling conditions were as follows: Initial denaturation at 95˚C for 30 sec; 40 cycles of 95˚C for 5 sec and 60˚C for 30 sec, with an amplification fragment of 148 bp in size. GAPDH was used as the internal reference. The intracellular expression level of MTA1 mRNA was quantified using the 2 -ΔΔCq method (9) . The primer sequences were as follows: MTA1 forward, 5'-GAG ACC GAG TCG CTC AAG TCC TA-3' and reverse, 5'-AGT CGG GAT GTC TGC TGG TA-3' and GAPDH forward, 5'-ACC TGA CCT GCC GTA GAA-3' and reverse, 5'-TCC ACC CTG TTG CTG TA-3'.
Statistical analysis. SPSS 19.0 statistical software was used for statistical analysis (IBM Corp.). All data are presented as the mean ± standard deviation. Statistical significance between multiple groups was assessed using one-way analysis of variance followed by Student-Newman-Keuls post hoc test. The comparison of the data among different time points was conducted using repeated measures analysis of variance. P<0.05 was considered to indicate statistical significance.
Results
Metformin inhibits cell proliferation in a dose-dependent manner. Administration of metformin exerted an inhibitory effect on SKOV3 proliferation in a concentration-dependent manner (P<0.05; Table I ). The inhibitory effect of metformin on cell proliferation also significantly increased with duration of metformin treatment (P<0.05; Table I ).
Metformin significantly increases cell apoptosis in a dose-dependent manner. SKOV3 cells were stained with Annexin V-FITC/PI and analyzed by flow cytometry for cellular apoptosis. At 48 h, SKOV3 cells treated with different concentrations of metformin displayed significantly enhanced apoptosis rate compared with the untreated control (Table II) . The apoptosis rate of SKOV3 cells was significantly increased with increasing concentration of metformin (P<0.05; Fig. 1 ; Table II) .
Metformin promotes autophagy. Electron microscopy demonstrated that there was no autophagosome formation in the SKOV3 cells of the control group ( Fig. 2A) . Following treatment with 10 mmol/l metformin for 72 h, multiple autophagosomes were observed in the SKOV3 cells, which suggested that administration of metformin promoted autophagy of ovarian cancer SKOV3 cells (Fig. 2B) Metformin inhibits cell migration in a dose-dependent manner. SKOV3 cells treated with metformin for 24 and 48 h demonstrated significantly decreased cell migration into the scratch gap compared with the control group (P<0.05; Fig. 3 ; Table III ). There was no statistical significance in cell migration distance between the 2.5 and 5 mmol/l metformin treatment groups following treatment with metformin for 24 h (P>0.05; Fig. 3 ; Table III ). Cell migration was significantly decreased with increasing concentration of metformin at 24 and 48 h (P<0.05; Fig. 2 ; Table III ). Cell migration increased with duration of metformin intervention (P<0.05; Fig. 2 ; Table III ). Table I . Effect of metformin on the proliferation rate of SKOV3 cells. 
Metformin inhibits cell invasion in a dose-dependent manner.
In the control group, the quantity of transmembrane cells was calculated as 86.6±5.01, which was significantly higher compared with the 2.5 mmol/l (58.4±3.58), 5 mmol/l (42.7±4.97) and 10 mmol/l (15.0±4.30) metformin intervention groups (Fig. 3) . Results suggested that the number of invading cells was significantly reduced with increasing concentration of metformin (P<0.01; Fig. 4 ). 
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Metformin significantly decreases MAP1LC3A-II and MTA1
protein expression whilst increasing MAP1LC3A-I protein expression. Following treatment with metformin for 72 h, the expression level of intracellular MAP1LC3A-II protein was significantly upregulated; Fig. 5A ). No statistical significance was observed in MAP1LC3A-II protein expression between the control and 5 mmol/l metformin treatment groups (Fig. 5) . MAP1LC3A-II protein expression was significantly upregulated with the increasing metformin concentration (Fig. 5 ). MTA1 protein expression was decreased with increasing metformin concentration. Protein expression was 1.92±0.18 in the control group 1.26±0.32 in the 2.5 mmol/l metformin group, 0.72±0.07 in the 5 mmol/l metformin group and 0.56±0.10 in the 10 mmol/l metformin group (Fig. 5) . There was no statistical significance in MTA1 protein expression amongst different concentrations groups (Fig. 5) .
Metformin significantly decreases MTA1 mRNA expression.
Compared with the control group, the expression levels of MTA1 mRNA in all experimental groups were significantly downregulated (Fig. 6 ). There was no statistical difference in MTA1 mRNA expression amongst the different metformin concentration groups (Fig. 6 ).
Discussion
Ovarian cancer is a heterogeneous disease with inter-and intra-tumor heterogeneity that has a high mortality rate (8) . In spite of advancements in surgical and radiation therapy, chemotherapy remains a vital therapeutic option for different types of malignant tumors. Chemotherapy resistance and lack of novel treatments means that there is an urgent need for comprehensive genomic analysis to identify the genetic abnormalities in ovarian tumors, which can affect the pathophysiology and chemotherapeutic responses of ovarian patients (10, 11) .
Metformin is widely applied in clinical practice and has minimal adverse events. It has been reported that administration of metformin significantly suppresses the proliferation of multiple chemo-responsive and resistant ovarian cancer cell lines, leads to cell cycle arrest, decreases cyclin D1 and increases cyclin dependent kinase inhibitor 1A (p21) protein expression (12) . In addition, metformin induces an inhibitory effect on OVCAR-3 and OVCAR-4 ovarian cancer cell proliferation in a time-and dose-dependent manner. The drug also induces apoptosis by activating caspases 3/7 and downregulating Bcl-2 and Bcl-xL expression (13, 14) . A previous study demonstrated that metformin-induced lactate accumulation limits the tumor-killing potential. Dichloroacetate and metformin synergistically suppress the growth of xenograft ovarian tumors and can overcome the limit of lactate accumulation (15) .
In the present study, the effect of metformin administration on the growth and proliferation of ovarian cancer SKOV3 cells was investigated. Results demonstrated that metformin inhibited the proliferation, migration and invasion of SKOV3 cells, and also induced cellular apoptosis and autophagy. It was hypothesized that the effect of metformin involves a number of mechanisms. Firstly, metformin reduces blood glucose levels in the environment where tumor cells survive, decreases the cellular nutrients to the malignant tumors and thereby suppresses the progression of malignant tumors (16) . Although insulin exerts a higher glucose-lowering effect compared with metformin, insulin likely promotes the progression of malignant tumors as it activates insulin-like growth factor 1 receptor (17) . Metformin enhances the sensitivity of peripheral tissues towards insulin, strengthens cellular uptake and utilization of insulin (18), reduces insulin serum levels and decreases the activation of IGF-1, thereby exerting an anti-malignant tumor effect (19) . Metformin likely decreases the nutrients available to tumor cells through reducing the blood glucose level; however, it may also lower the serum level of insulin preventing the activation of related signaling pathways and inhibiting the effect of insulin on promoting the progression of malignant tumors (20) . Secondly, metformin directly affects the AMPK-related signaling pathway, has a vital role in certain steps of tumor cell growth and suppresses the growth and proliferation of tumor cells (19) . AMPK is an enzyme involved in cellular energy homeostasis. It belongs to a highly conserved eukaryotic protein family and its orthologues are serine threonine protein kinase and SNF1-related protein kinase in yeast and plants (21) . When AMPK phosphorylates acetyl-CoA carboxylase 1 or sterol regulatory element-binding protein 1c, it inhibits synthesis of fatty acids, cholesterol and triglycerides, and activates fatty acid uptake and β-oxidation (22) . In addition, AMPK affects cell growth, proliferation, the cell cycle, invasion, migration and apoptosis (23) . Metformin exerts an anti-malignant tumor effect through the AMPK signaling pathway where it can activate the p53 protein, which coordinates with p21 protein to identify intracellular DNA injury, suppress cellular proliferation and inhibit the progression of malignant tumors (24) . Metformin plays an anti-tumor role by inhibiting the expression of mTOR (25) . The AMPK/mTOR signaling pathway serves a crucial role protein transcription, cell proliferation, apoptosis and autophagy, and, therefore, can regulate the growth metabolism of tumor cells (26) . Furthermore, Rattan et al (12) demonstrated that metformin induces stagnation of the cell cycle. Cyclin D1 is required for progression through the G1 cell cycle (27) . Metformin activates the AMPK signaling pathway and the p53-p21 axis, and blocks the G1/S stage of the cell cycle (5). In addition, metformin activates the AMPK/glycogen synthase kinase 3-β signaling pathway, induces degradation of the cycle protein D1 and consequently induces stagnation of the cell cycle (3).
Autophagy is directly correlated with the progression and apoptosis of malignant tumors. Previous studies have demonstrated that low levels of autophagy are associated with tumor progression (28, 29) . Increasing the autophagy level contributes to reducing the invasion and migration capabilities of tumor cells (30) . Detection of MAP1LC3A expression can indicate cellular autophagy. MAP1LC3A consists of two forms; MAP1LC3A-I and MAP1LC3A-II. The expression level of MAP1LC3A-II and the ratio of MAP1LC3A-II/MAP1LC3A-I are positively correlated with the quantity of autophagosomes (31) . In the present study, MAP1LC3A-II was utilized as the biomarker for the assessment of cellular autophagy. The expression level of MAP1LC3A-II in the SKOV3 cells was upregulated with increasing concentration of metformin treatment whilst the expression level of MAP1LC3A-I was downregulated, which indicated that metformin strengthened cellular autophagy of SKOV3 cells. These results were consistent with the subsequent electron microscopy findings. When taking into account the Transwell chamber assay and scratch test results, it may be hypothesized that a high level of autophagy is able to inhibit cellular invasion and migration, which is consistent with the results obtained by Valente et al (30) .
MTA1 is a cytokine associated with cellular metastasis and positively correlated with the invasion and migration ability of tumor cells (32) (33) (34) . In the present study, the healing ability of the treated cells in the metformin intervention groups was significantly decreased, and the cellular invasion ability was considerably diminished in a dose-dependent manner, which is consistent with previous findings (35) . Following treatment with metformin, the mRNA expression of MTA1 was downregulated, which suggested that the inhibition of cell invasion and migration may be associated with the MTA1 levels. Studies have demonstrated that MTA proteins are a small family of transcriptional coregulators that are closely associated with tumor metastasis and regulate genetic transcription through affecting the chromatin status (36,37). MTA1 expression is closely correlated with the aggressiveness of several cancers including breast, liver, colon, pancreas, prostate, blood, esophageal and gastro-intestinal (36,37).
NF-κB is a key protein belonging to the family of eukaryotic transcription factor proteins that regulates the immune and inflammatory response. Recent research has demonstrated that metformin can downregulate the expression levels of NF-κB in multiple types of tumor cells (38) . Bui-Nguyen et al (39) proposed that MTA1 promoter contains 5 common sites of NF-κB. Among them, RELA proto-oncogene can directly bind and stimulate MTA1 transcription. These findings collectively indicate that the NF-κB signaling pathway may regulate MTA1 transcription. However, the mechanism underlying the effect of metformin on MTA1 requires further investigation.
In conclusion, the present findings demonstrated that administration of metformin suppressed the invasion and migration capabilities of epithelial ovarian cancer cells, and reduced cell proliferation. The downregulation of MTA1 induced by metformin may contribute to ovarian cancer inhibition in vitro. The complete underlying mechanism of metformin on ovarian cancer cells remains to be further elucidated by subsequent investigations.
